Physical and mathematical models as well as numerical algorithms for simulation of advanced technological processes, such as thermal annealing after low-energy ion implantation used during the VLSI fabrication are presented. In this paper we propose a model that treats the migration of the impurity atoms at the thermal annealing. We take into account process nonlinearity and inuence of non-uniform defects distribution as well as electric eld and elastic stress on the migration of atoms. The redistribution of point defects as well as the diusion of nonequilibrium impurity interstitials in silicon are described by time-dependent quasi-linear parabolic equations. The results of numerical calculations are presented as well.
Introduction
One of the ways of obtaining shallow pn-junctions in the silicon-based ultra large integrated circuits (IC) is the extension of traditional technologies, namely ion implantation with the subsequent thermal processing. The fabrication of new generations of ICs is associated with the application of low-energy ion implantation and thermal annealing [13] . Such processes allow formation of pn-junctions at the depth shallower than 30 nm. It is signicant to observe the eect of uphill diusion of the impurity near the crystal surface [1, 2] . Due to high cost of IC development and fabrication, a numerical simulation that reduces the number of experimental iterations becomes extremely valuable. The necessity of obtaining adequate calculated proles of impurity distribution implies the use of high-level kinetic diusion models. In the present work we propose a model that treats the migration of the impurity atoms in terms of impurity atom vacancy and impurity atominterstitial atom of silicon diusing complexes. It also accounts for the inuence of such factors as electric eld, internal elastic stress and non-stationary change of defects.
Diusion model
In accordance with modern ideas, the diusion of substitutional impurities in silicon is carried out with the participation of point defects, namely vacancies (V) and intrinsic interstitial silicon atoms (I) which form moving impurityvacancy and impurityinterstitial pairs with the impurity atoms (pair-diusion mechanism) [47] . * corresponding author; e-mail: komaraf@bsu.by Let us consider a problem of modeling the diusion of donors or acceptors in a semiconductor. The diusion can be described by the ux of an impurity
Here χ is the total concentration of charged particles (electrons for donors or holes for acceptors) normalized by the intrinsic concentration of electrons n e :
In (1) and (2) the following notations were used: C is the concentration of impurity in the position of substitution, N is the concentration of the impurity of the opposite type (which we assume to be constant), C V and C 
where empirical coecients β It is well known that local doping of silicon with a substitutionally dissolved impurity having another atomic radius compared to the host atom results in signicant elastic stresses. Because the impurity distribution is changed during annealing, distribution of stresses is also a space-time function. It is assumed in Ref. [11] that the potential energy of a point defect in the eld of elastic stresses U d is proportional to the impurity concentration C. Then, it follows from [12, 13] that the eective drift velocity of point defects (including the pairs) is proportional to the gradient of the impurity concentration C.
However, the stress calculation in the ion-implanted layers is still a very complicated problem, which requires further investigations. Indeed, the processes of point defect diusion and cluster formation can inuence the distribution of elastic stresses. Therefore, to obtain drift velocities of mobile species in the eld of elastic stresses, the appropriate assumptions can be used. For example, the impurity concentration C is approximated by the Gaussian function when calculating drift velocities [13] .
To calculate the distributions of nonequilibrium vacancies and self-interstitials, the diusion equations such as equations for point defects described in [14] are used. For solution of these equations, the process of defect trapping in silicon crystals is characterized by the average lifetimes of vacancies and self-interstitials. In addition, it is supposed, according to the experimental data [15] , that the surface is an eective sink of silicon self-interstitials. It is also supposed that silicon self-interstitials generated dur- According to the conservation law divJ + ∂C ∂t = 0
and from (1) and (2) we obtain the following nonlinear diusion equation:
where
Let us now consider Eq. (3) within the simulation domain G that spans from the surface to the depth of the wafer. In the bulk of the wafer on the boundary of the domain G we assume the dopant ux to be equal to zero
where n is the normal to the simulation boundary.
The initial conditions are of the form
where C 0 (x) is the distribution of dopant atoms after ion implantation [16] .
The evolution of point defects is described by the following parabolic equation:
3 (x). Initial and boundary conditions for Eq. (4) are specied as it was mentioned in [7] . In particular, boundary conditions for Eq. (4) are described as [7] :
where α 1 denotes 0 or 1; α 2 and α 3 are some constants.
An approximate solution of the nonlinear system (3), (4) is based on the splitting of dierential operator of right-hand side of each of two equations. For the solution of three-dimensional problem (p = 3) a locally-one--dimensional method in discrete steps is used [9] . Let us introduce a uniform time grid ω τ = t j , t j = τ j, j = 0, j 0 , τ j 0 = T .
We assume that Eq. (3) corresponds to a chain of one--dimensional equations
The solutions of (6) for k = 1, 2, 3 are joined with the following relations:
Similarly, the following system of one-dimensional equations corresponds to Eq. (4) for point defects
The values of C
V,I (k)
for k = 1, 2, 3 are joined on the time layers t j , j = 0, j 0 in the same way as in (7).
Equations (6) and (8) are solved sequentially for each t = t j , j = 1, j 0 . According to the theory of locally-one--dimensional method [9] , for an approximate solution of (3) and (4) for each t = t j , j = 1, j 0 we take the functions
In order to form homogeneous conservative dierence schemes for Eqs. (6) and (8), we use integro-interpolation method as described in [17] .
It was shown in [18] that the long-range migration of nonequilibrium impurity interstitials is the main factor in the formation of tails in the region of low impurity concentration for random ion implantation into silicon crystals and implantation into preamorphized silicon layers. Accordingly, the model was improved by entering additional ux of the interstitial impurity migration as shown in [18] . An equation characterizing the inactive interstitial boron or phosphorus atoms diusion is similar to (4). We introduced temperature-dependent activation time [19] after which the impurity atoms are considered as electrically active, and their further diusion is calculated using Eq. (3).
Calculation results
A software package designed on the basis of the de- We simulated various experiments described in the literature and compared the calculated data with the empirical results. In this section we will describe two such experiments. In Figs. 1 and 2 , the simulation results for very low energy ion implantation at 2 and 5 keV, respectively, for boron [20] and arsenic [2] , followed by thermal annealing are compared to the experimental data.
In Fig. 1 , the SIMS data from Ref. [20] and our sim- (1) and (2) are the implanted boron proles (SIMS and simulated, respectively). In Fig. 2 , the experimental results of Ref. [2] are compared with the simulation data. To model diusion of
As atoms, a few simplications were done. It is assumed that these atoms coupled with self-interstitials diuse mainly on interstitials. Thus, the eective diusivity observed represents the diusivity of these mobile pairs multiplied by the fraction of dopants which are paired.
Self-interstitial drift in the eld of electric stresses was neglected. The essential simulation parameters in this case are β 
